abstraCt introduction: Our aim was to understand the strength of association between parental smoking and child environmental tobacco smoke (ETS) exposure in order to inform the development of future tobacco control policies. ETS was measured using child cotinine levels below the active smoking threshold.
intrOduCtiOn
Environmental tobacco smoke (ETS) exposure (sometimes described as secondhand smoke exposure or "passive smoking") is acknowledged to have detrimental health consequences, such as elevated risk for cardiovascular disease, lung cancer, and respiratory disease (Royal College of Physicians, 2010) and has been shown to be positively associated with smoking initiation in adolescents (Voorhees et al., 2011) . As a result, tobacco control efforts have increasingly focused on limiting exposure to ETS, for example through the introduction of smoking bans in public places and workplaces. Despite this, there is reluctance to regulate cigarette smoking in certain areas such as private homes and cars (Mills, White, Pierce, & Messer, 2011; Semple et al., 2012) . For children, parental smoking remains the major determinant of ETS exposure, with maternal smoking having been reported to play a more important role than paternal smoking (Jarvis et al., 1985) . Understanding the strength of association between parental smoking and child ETS exposure will inform the development of future tobacco control policies.
The majority of studies of the association between parental smoking and ETS exposure in children have focused on children at an age when active smoking is a possibility (i.e., early adolescence onwards; Heron, Hickman, Macleod, & Munafo, 2011; Sims et al., 2010) . This raises the potential problem of misclassification in such studies, where child reports of active smoking may be particularly inaccurate (Dolcini, Adler, Lee, & Bauman, 2003) . Unfortunately, using cotinine levels to validate smoking status in children and young adolescents can be imprecise, when light, irregular smoking is common (Benowitz, 1996) . Therefore, in order to more accurately assess the association between parental smoking and child ETS exposure, data on children collected at an age before active smoking is common are required. By comparing estimates at two ages, where active smoking is and is not likely,
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nicotine & tobacco research, volume 15, number 12 (december 2013) 2029-2036 respectively, we can make indirect comparisons to assess the extent to which we have adequately adjusted for potential biases in measurement. The use of cotinine as an assessment for ETS exposure, which is the primary metabolite of nicotine, can further improve the precision of these comparisons. Earlier studies may have underestimated the health consequences of ETS exposure through the use of self-report measures of exposure given that adults are likely to underreport their active smoking in the presence of children (Jefferis et al., 2010; Whincup et al., 2004) .
In this study, we sought to explore the association between maternal smoking behavior and child cotinine levels within nonsmokers, adjusting for other potential confounders. We also investigated the association child smoking has on cotinine levels of all participants. We used data from a birth cohort study based in the United Kingdom, where cotinine levels in the child were assessed when the child was aged 7 and 15 years. This allowed a comparison of the impact of maternal smoking behavior on child cotinine levels at an age when child smoking was unlikely (7 years) and at an age where it was more likely (15 years).
MethOds

Avon Longitudinal Study of Parents and Children
The sample for this study was drawn from the Avon Longitudinal Study of Parents and Children (ALSPAC) (Boyd et al., 2012) , an on-going population-based cohort study in the South-West of England. Recruitment to ALSPAC began in 1990-1992. The complete case sample comprised 1,353 participants with data recorded at age 7 and 15 years. Since the age of 7 years, the ALSPAC study children have been invited to regular clinics for a variety of assessments. All aspects of the study were reviewed and approved by the ALSPAC Law and Ethics Committee, which is registered as an Institutional Review Board. Approval was also obtained from the National Health Service Local Research Ethics Committees.
Measures
The primary outcome in this study was child cotinine level at the approximate ages of 7 and 15 years for nonsmokers. The secondary outcome was child cotinine levels for all participants (smokers and nonsmokers) for 15 year olds. Cotinine was assayed from ethylenediaminetetraacetic acid serum plasma samples taken in a clinical assessment at 7 and 15 years. Plasma samples were stored at −80 °C and allowed to thaw at room temperature before use. Cotinine was measured using the Cozart Cotinine Enzyme Immunoassay (Concateno UK, Abingdon) serum kit (M155B1). All samples, calibrators, and controls were brought to room temperature before use and were run in duplicate. Where required, samples were diluted using cotinine-free serum (fetal calf serum). Absorbance was measured spectrophotometrically at a wavelength of 450 nm. The lowest calibrator used was 0.5 ng/ml serum, and values below this were treated as undetectable/null (0 ng/ml serum). Cotinine concentrations are expressed as nanogram per milliliter of serum. The sample was restricted to nonsmokers by only using values below the cutoff of 9.5 ng/ml (Jarvis, Fidler, Mindell, Feyerabend, & West, 2008) serum at ages 7 and 15 and for individuals who reported themselves to be nondaily smokers (at age 15).
Maternal smoking behavior was assessed at the same timepoints by self-report questionnaire (does not smoke, smokes fewer than 10 cigarettes/day, smokes 10 or more cigarettes/ day). Child smoking behavior at age 15 years was also assessed by self-report questionnaire, which again measured heaviness of smoking but at a weekly cutoff due to the low number of daily smokers in this age group (does not smoke, smokes but not weekly, smokes weekly). Child smoking behavior at age 7 years was not measured.
Covariates included demographic variables collected prebirth, which comprised sex, housing tenure (coded as owned/ mortgaged, privately rented, subsidized housing rented from council/housing association), crowding status (coded as the ratio of number of residents to number of rooms in house), maternal educational attainment (coded as education up to 16 years and education up to 18 years or older), and family position (coded as whether study child is first/second/third child or greater), which have been shown to be associated with smoking behavior (Bard & Rodgers, 2003) .
Statistical Analysis
Univariable linear regression was used to assess the relationship of sociodemographic variables and maternal smoking with nonsmoking child cotinine levels at age 7 and 15 years, which were natural log transformed due to nonnormality. Sociodemographic variables potentially associated with ETS exposure included sex, measures of deprivation (housing tenure, crowding status), and maternal educational attainment. Measures of smoking for the mother's partner were incomplete, and because these were highly correlated with maternal smoking at both ages 7 and 15 (p < .001, r 2 = 0.07) these were not included, given their lack of contribution to the model and in order to reduce the extent of missing data. Multivariable linear regression was used to assess the relationship of maternal smoking with child cotinine levels at age 7 and 15 years for nonsmokers, with adjustment for sociodemographic variables. Multivariable linear regression was also used to assess the relationship of child smoking on cotinine levels at age 15 for all individuals (smokers and nonsmokers). In addition, the analysis of child smoking was adjusted for maternal smoking at age 15 years. Effect estimates for maternal and child smoking are presented as the ratio of geometric means following back transformation by exponentiation of log scale results. Analyses were conducted using Stata version 12 (StataCorp, 2011).
results
Sample Derivation and Description
Cotinine was measured on 5,641 children at 7 years of age (mean age = 7.54 years, SE = 0.05; mean cotinine = 1.21 ng/ ml serum, SE = 0.02), and 3,202 children at 15 years of age (mean age = 15.41 years, SE = 0.07; mean cotinine = 0.97 ng/ ml serum, SE = 0.02; Table 1 ). This was the main restriction for the univariable analysis, along with availability of data on each risk factor considered (sex, housing tenure, maternal education, crowding index, parity, mother smoking, and child smoking). For the multivariable analysis, we included participants on whom complete data were available at each age, which included 3,128 children at age 7 years and 1,868 children at age 15 years for the mother smoking model, and 2,015 individuals at age 15 for the child smoking model. The range of cotinine levels at 7 is 0-9.42 ng/ml serum.
Child cotinine level at age 15 was associated with child smoking behavior at age 15 as expected (Figure 1 ). Child cotinine level at age 15 was also associated with maternal smoking behavior measured at the same timepoint, consistent with maternal smoking being a major source of ETS exposure ( Figure 2 ). Univariable analysis indicated that maternal smoking was strongly associated with child cotinine levels ( Table 2) . Complete case data at age 15 years were used to confirm the results were representative in Table 2 of our principal study sample in Table 3 (Supplementary Table S1 ). The range of cotinine levels at age 15 is 0-9.31 ng/ml serum. The findings were not substantially altered if we restrict the analysis to complete cases, 1,353 individuals who attended both assessment clinics at both ages 7 and 15 (Supplementary Table S2 ).
Environmental Tobacco Smoke Exposure at Age 7
Univariable analyses indicated that maternal smoking was associated with child cotinine levels (<10 cigarettes/day vs. nonsmoking mothers: ratio of geometric means [RGM] = 1.95, 95% confidence interval [CI] = 1.43-2.69, p < .001; 10+ cigarettes/day vs. nonsmoking mothers: RGM = 5.10, 95% CI = 3.94-6.55, p < .001) ( Table 2) . These results did not change substantially when restricted to the sample on which complete data were available (Supplementary Table S1 ). In multivariable analysis, this association remained although it was attenuated (<10 cigarettes/day vs. nonsmoking mothers: RGM = 1.58, 95% CI = 1.08-2.32, p = .017; 10+ cigarettes/day vs. nonsmoking mothers: RGM = 3.94, 95% CI = 2.86-5.42, p < .001) ( Table 3 ). For individuals who attend assessment clinics at both ages 7 and 15, the RGM (Supplementary Table S2) was slightly higher although consistent with the findings presented in Table 3 .
Environmental Tobacco Smoke Exposure at Age 15
Univariable analyses indicated that maternal smoking was associated with child cotinine levels (<10 cigarettes/day vs. nonsmoking mothers: RGM = 1.73, 95% CI = 1.05-2.86, p = .03; 10+ cigarettes/day vs. nonsmoking mothers: RGM = 5.10, 95% CI = 3.35-7.69, p < .001) ( Table 2) . These results did not change substantially when restricted to the sample on which complete data were available (Supplementary Table S1 ). Note. Cotinine levels (ng/ml serum) at 7 and 15 years are shown for: a the total number of nonsmoking individuals who have had cotinine measured (i.e., maximum number for the univariable analysis); b the number of complete case nonsmoking individuals (i.e., who self-report as nonsmokers and are below the cutoff of 9.5 ng/ml serum); and, c the number of individuals on whom complete case data are available (i.e., also including smokers). Cotinine levels are also shown at each level of the predictors used. The geometric means are shown above.
In the multivariable analysis, which comprised the association between mother smoking and child cotinine levels at age 7 and 15 years controlling for covariates, the association of maternal smoking with child cotinine levels remained for heavy smoking mothers (10+ cigarettes/day), there was a slight attenuation for lighter smoking mothers (<10 cigarettes/day) but none for heavy smoking mothers; (<10 cigarettes/day vs. nonsmoking mothers: RGM = 1.68, 95% CI = 0.84-2.89, p = .164; Association of child cotinine level with maternal smoking behavior at age 15. The bar chart shows the means of child's cotinine level (ng/ml serum) at age 15 years within nonsmokers by number of cigarettes the mother smokes per day (none, 1-5, 6-10, 11-20, more than 20) measured at the same timepoint. A kernel density plot has been superimposed over this graph to show the density of children by the number of cigarettes the mother smokes per day. This graph shows an increasing mean of cotinine level as the number of cigarettes the mother smokes per day increases although this pattern reverses in very heavy smokers (20+ cigarettes/day). The density of the population decreases as the number of cigarettes smoked per day increases. Note. CI = confidence interval. Predictors comprised child sex, housing tenure (owned/mortgaged, privately rented, subsidized housing rented from council/housing association), maternal education, crowding index (ratio of number of residents to number of rooms in house), maternal education (education up to 16 years and education up to 18 years or older), parity (whether study child is first/second/third child or greater), and mother's smoking status (does not smoke, smokes fewer than 10 cigarettes/day, smokes 10 or more cigarettes/day). All univariable analyses use cotinine levels within nonsmoking children, except the child smoking model, which includes smoking and nonsmoking participants. Note. CI = confidence interval.
Covariates included in the model comprised child sex, housing tenure (owned/mortgaged, privately rented, subsidized housing rented from council/housing association), maternal education, crowding index (ratio of number of residents to number of rooms in house), maternal education (education up to 16 years and education up to 18 years or older), parity (whether study child is first/ second/third child or greater), and mother's smoking status (does not smoke, smokes fewer than 10 cigarettes/day, smokes 10 or more cigarettes/day). The mother smoking model included individuals below the cutoff for active smoking (9.5 ng/ml serum) and who self-report as nonsmokers (for 15 only). The child smoking model included all individuals; in addition, the model for child smoking included the mother's smoking status. Maternal smoking at 15 years old, N =1,868; child smoking at 15 years, N = 2,015.
10+ cigarettes/day vs. nonsmoking mothers: RGM = 5.26, 95% CI = 3.06-9.03, p < .001) ( Table 3 ). For individuals who attended assessment clinics at both ages 7 and 15, the RGM (Supplementary Table S2 ) was similar to that for the complete sample (Table 3) .
Tobacco Smoke Exposure at Age 15
Child active smoking which uses cotinine levels of both smokers and nonsmokers, in order to quantify the effect of child smoking on cotinine levels, is strongly associated with child cotinine levels in the univariable analysis (nonweekly smoking vs. nonsmoking children: RGM = 2.30, 95% CI = 2.14-2.46, p < .001; weekly smoking vs. nonsmoking children: RGM = 33.78, 95% CI = 30.88-37.34, p < .001). These results did not substantially change when restricted to the sample on which complete data were available (Supplementary Table S1) In the multivariable analysis, child smoking remained strongly associated with child cotinine levels (nonweekly smoking vs. nonsmoking children: RGM = 1.90, 95% CI = 1.75-2.05, p < .001; weekly smoking vs. nonsmoking children: RGM = 27.11, 95% CI = 24.05-30.57, p < .001) ( Table 3) .
disCussiOn
We found a consistent association between maternal smoking and child cotinine levels at age 7 and 15 years in a large, representative sample of UK children and further provided a precise quantification of ETS exposure in these children through the use of cotinine as a biomarker. At age 7 years, exposure to ETS is likely to be predominantly from either the mother or partner (or both) (Sims et al., 2010) . At this age, few children will be smoking themselves. Maternal smoking is likely to be the strongest influence on ETS exposure due to the likelihood of spending more time with the mother. At age 15 years, exposure to ETS is likely to be from either the mother or partner (or both), and peers who smoke, and many more children will be smoking themselves. It is possible that maternal smoking may have a weaker direct influence on ETS exposure at older age-groups. However, maternal smoking may also be correlated with exposure and "time with peers," and thus could amplify the cotinine association at age 15. Despite this difference in the nature of the sources of nicotine (and therefore cotinine) exposure, the results from our multivariable analyses are consistent, indicating clear associations between maternal smoking and child cotinine levels at both ages. Most importantly, the magnitude of cotinine levels associated with heavy maternal smoking at 15 (10 or more cigarettes/day) in the multivariable analysis is comparable with 5.26 times the level of child with a nonsmoking mother, or nearly half the quantity of cotinine of an infrequent active smoker (heavy smoking mother, child cotinine level: 4.94 ng/ml serum vs. infrequent active smoking levels: 10.93 ng/ml serum). Child mean cotinine level at age 15 within nonsmokers increases with number of cigarettes the mother smokes, which is displayed in our figure  (Figure 2 ). This shows a positive association between the two even at age 15. We also see a positive association between cotinine levels and the number of cigarettes smoked by child active smokers (Figure 1) , with an increasing difference of cotinine levels measured between categories.
Although the harmful effects of ETS exposure are now well known (Gehrman & Hovell, 2003; Jaakkola & Jaakkola, 2002) , this study provides further evidence of the magnitude of this exposure. Our data indicate that maternal smoking of 10 or more cigarettes a day is associated with high child cotinine levels and enables an indirect comparison with active smoking. However, this comparison should be interpreted with caution; ingested nicotine will not be as harmful as inhaled nicotine (e.g., no airway irritation). Given this, our study still provides a clear public health message and reinforces the importance of smoking in the home as a target for intervention, even in families of adolescent children where the relative impact of smoking in the home might be expected to be less than for younger children. Although the effects of ETS exposure, including the effects of smoking in the home on other family members including offspring, are used in public health campaigns, direct feedback of levels of exposure might promote behavior change. This is shown in the recent REFRESH study . While cotinine levels are not amenable to this form of intervention, proxy measures of exposure such as air quality in the home might be a suitable alternative. This will require further study.
There are a number of limitations to this study, which should be considered when interpreting these results. First, immunoassay of cotinine has been shown to not be as precise as gas chromatography-mass spectrometric quantitative method for cotinine extraction. We were unable to include measures of partner smoking in our analysis because this would have reduced our available sample size considerably due to missing data. Second, and for the same reason, we were unable to include measures of peer smoking in our model. However, the stability of our estimates for the effects of maternal smoking at age 7 (when few children smoke) and 15 years (when many more are likely to do so) raises confidence in our results and suggests that the primary source of ETS exposure is from smoking in the home. Third, the maternal smoking question only takes into account the number of cigarettes the mother smokes per day, and does not indicate where these cigarettes are smoked. This could have a profound impact on ETS if, for example, the mother does not smoke inside the house or smokes in the car with the child present (Kalkbrenner et al., 2010) . We were unable to consider other potential sources of nicotine, which the child may have come in to contact with, such as nicotine replacement therapy. However, although nicotine replacement therapy is available over the counter in the United Kingdom, we feel that it is unlikely that this would be a major source of nicotine exposure in children at age 15. There is a risk to toddlers by ingesting nicotine laden dust, "thirdhand smoke hazards" are an unappreciated health hazard as nicotine can react with ambient nitros oxide to form carcinogenic nitrosamines (Sleiman et al., 2010) . It is unlikely that at 7 years old children are still showing behaviors of toddlers that might increase exposure (e.g., crawling). Unfortunately, these data are not available in ALSPAC. Similarly, we were unable to quantify the effects of peer smoking on ETS exposure. We should also consider the effects of the initiation of smoke-free legislation in England on the July 1, 2007. Sims et al. (2012) found post-legislative geometric means of cotinine fell by 27%, due to the reduced exposure to ETS in communal places such as pubs, bus stops, and restaurants. However, we did not observe this level of reduction at 15 years; which may be due to the lack of reduction of smoking in the home especially in households with heavy smoking mothers. Finally, variation in nicotine metabolism at different ages could be a potential explanation for the different levels of cotinine although evidence in support for such a hypothesis currently is weak (Dempsey et al., 2012) .
In conclusion, we found clear evidence for association of maternal smoking with child ETS exposure, assessed using cotinine as a biomarker of nicotine exposure. In our multivariable analysis, the magnitude of this association for children with heavy smoking mothers was comparable with half the exposure observed among children who were irregular (i.e., nonweekly) active smokers. The majority of mothers agree that ETS exposure is a risk to the health of their children, but may erroneously believe that restrictions they have in place to minimize the child's exposure are sufficient . Quantifying the magnitude of the exposure conferred by heavy smoking may serve to reinforce this important public health message and encourage either cessation in the mother or the enforcement of smoking restrictions in the home to reduce exposure.
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